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Abstract: Two-dimensional (2D) nanomaterials for ultrafast photonic applications have attracted
significant attention in recent years. 2D nanocomposites are of great interest because of their
capability to combine the merits of each nanomaterial. In this work, we have demonstrated
erbium-doped mode-locked fiber lasers that incorporate MoS2/graphene heterostructure based
saturable absorbers (SAs) from anomalous to normal average dispersion for the first time. The
modulation depth, the saturation intensity, and the non-saturable absorption of theMoS2/graphene
heterostructure are measured to be 12.4%, 12.7MW/cm2 and 28%, respectively. By incorporating
this particular MoS2/graphene heterostructure based SA, the mode-locked fiber lasers can produce
stable pulse trains at anomalous, near-zero, and normal average dispersion. At an anomalous
average dispersion of -0.181 ps2, the Kelly sidebands are found to be superimposed on the optical
spectrum, and a stable soliton pulse train has been measured with a signal-to-noise ratio of ∼73 dB
in the radio frequency spectrum. At a near-zero average dispersion of -0.082 ps2, a Gaussian-like
optical spectrum has been observed where the narrowest pulse width is ∼837 fs. At normal
average dispersion of+ 0.041 ps2, the steep-edge optical spectrum has been produced, indicating
that dissipative solitons have been generated. The obtained results prove that a MoS2/graphene
heterostructure is an ideal SA in mode-locked fiber lasers for ultrashort pulse generation from
anomalous to normal average dispersion.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
Ultrashort pulse has attracted much attention because of its wide application in scientific and
industrial fields including optical communication, optical sensing, micromachining, supercon-
tinuum generation, laser surgery, biological medicine, etc [1–6]. In particular, the passively
mode-locked fiber lasers that generate ultrashort pulse have developed rapidly [7–10] due to
good beam quality, flexibility, robustness, compactness, low cost, etc [11–14]. In order to control
the pulse width, the dispersion-managed fiber lasers are of great interest [15,16]. By adjusting
the average dispersion of the laser cavity, the output of fiber laser could generate different
types of pulses. At anomalous average dispersion, the mode-locked fiber laser can generate the
traditional solitons with chirp-free feature [17]. When the net average dispersion is near-zero,
dispersion-management solitons with largest spectral bandwidth as well as narrowest pulse width
can be obtained [18]. At normal average dispersion region, in addition to satisfy the balance
between nonlinearity and dispersion, the dissipative solitons must reach the balance between loss
and gain, and thus the dissipative solitons are highly chirped with large pulse energy [19,20].
One of the key components for achieving passive mode-locking in fiber lasers is saturable
absorber (SA). In addition to the artificial SAs such as nonlinear polarization rotation (NPR)
method [21], the two-dimensional (2D) nano-materials have explored recently for being SAs
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including graphene [22–25], graphene oxide [26], black phosphorus [27–29], transition-metal
dichalcogenides like Molybdenum disulfide (MoS2) [30–34], topological insulator (TI) [35]
and other 2D materials [36–44]. Especially, graphene has attracted for being SAs owing to its
ultrafast dynamic response, wavelength-independent saturable absorption, extremely high carrier
mobility and good material flexibility [22,45]. On one hand, zero bandgap of graphene is benefit
for broadband SAs. On the other hand, the monolayer graphene has relative weak absorption and
thus low modulation depth [46]. MoS2 has large bandgap (1 eV for bulk and 2 eV for monolayer)
[47], showing it an ideal candidate for optoelectronic devices. However, its intraband relaxation
time is longer than that of graphene, and monolayer MoS2 is easily oxidized under high-energy
laser irradiation [48], which restricting its ability to adjust ultrashort laser pulse.
In addition to explore individual 2D nanomaterials, heterostructures, which have been
synthesized by stacking at least two materials with different band structure, have attracted much
attention due to their unique physical, chemical, structural properties and potential application
in optoelectronic devices [48–51]. Compared with individual 2D devices, van der Waals
heterostructure devices provide abundant opportunities in both basic researches and device
applications due to their remarkable versatility and advantages in functions and performance [52].
By comparing graphene with MoS2, it is possible to complement each other: the zero bandgap
and low optical absorption of graphene can be complemented by MoS2 [53,54]. Compared
with graphene and MoS2 for ultrafast photonics, the MoS2/graphene nanocomposites possess
equivalent saturable intensity along with larger modulation depth [55]. He et al have demonstrated
that the modulation depth and saturation intensity of MoS2/Graphene nanocomposite films are
material thickness depended [56]. However, the application of MoS2/graphene heterostructure in
dispersion-managed mode-locked fiber laser has not yet been reported.
In this work, the dispersion-managed mode-locked fiber lasers from anomalous to normal
average dispersion incorporating with MoS2/grapheneheterostructure based SA have been
demonstrated for the first time. The MoS2/grapheneheterostructure based SA shows the
modulation depth, the saturation intensity and the non-saturable absorption of 12.4%, 12.7
MW/cm2 and 28%, respectively. When the mode-locked fiber laser operates at average
anomalous dispersion of -0.181 ps2, the traditional solitons with the Kelly sidebands are produced
showing signal-to-noise ratio of ∼73 dB. By managing the cavity average dispersion to be
-0.082 ps2, a Gaussian-like optical spectrum has been observed where the narrowest pulse-width
can be achieved to be ∼837 fs. At normal average dispersion of+ 0.041 ps2, the dissipative
solitons with the steep-edge optical spectrum have been produced. The obtained results indicate
that the MoS2/graphene heterostructure based SAs have great potential in dispersion-managed
mode-locked fiber laser for ultrashort pulse generation from anomalous to normal average
dispersion.
2. Numerical simulation
Generally, an erbium-doped mode-locked fiber laser consists of the erbium-doped fiber (EDF),
the single-mode fiber (SMF), and SA. The pulse evolution along either EDF or SMF can be

















where A(ξ,T) is the slowly varying amplitude of the pulse envelope; ξ is the propagation
coordinate; T is pulse duration; β(2) is the second-order dispersion parameter; γ represents the
nonlinear parameter; Ωg is the gain bandwidth; and g is the gain coefficient which is modeled by:
g = g0/(1 + Pave/Psat) (2)
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where g0 is the small signal gain, Psat is the gain saturation power, and Pave is the average power
of pulses.
The transmittance of SA can be modeled by:
T(I) = 1 − (a0/(1 + I/Isat) + ans) (3)
where T(I) is the transmission, a0 is the modulation depth, I is the input intensity, Isat is the








fiber i × Lfiber i (4)
where β(2)ave is the cavity average dispersion; β
(2)
fiber i is the second-order dispersion parameter of
different types of fiber including EDF, HI1060 type fiber, and SMF; Lfiber i is the corresponding
fiber length.
Based on above equations, we have simulated the pulse generation where the parameters are
listed as in Table 1. The modulation depth a0, the saturation intensity Isat and the non-saturable
absorbance ans is 12.4%, 12.7 MW/cm2 and 28%, respectively. Figure 1(a) simulates the soliton
evolution against cavity round number with the anomalous average dispersion. After the pulse
is amplified by the gain fiber, it experiences the periodic perturbations, for instance, filtering,
gain, and loss. The dispersive wave generated from the periodic perturbations exchanges energy
with the propagating soliton, which leads to the Kelly sidebands on the spectrum. Due to the
balance between the intra-cavity dispersion and nonlinearity, the stable conventional solitons are
obtained [15]. After 50 rounds trip, a stable optical spectrum can be obtained.
Fig. 1. (a) Pulse evolution against cavity round number; (b) soliton state of fiber laser
obtained by simulation from anomalous to normal average dispersion.
Table 1. Summary of simulation parameters
Fiber Type β(2)(ps2/km) γ(W−1km−1) L(m)
EDF +14.2 2.69 7.26
HI1060 -7 1.5 1.6
SMF -22 1.09 Var.
EDF, erbium-doped fiber; SMF, single-mode fiber; Var., variable.
By varying the length of SMF, the average dispersion of the laser cavity can be managed.
At anomalous cavity average dispersion range, the pulses that propagate inside the laser cavity
experience the balance between the intra-cavity dispersion and nonlinearity, the conventional
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solitons can be obtained. While the cavity average dispersion nears zero, the pulses are stretched
and compressed by the two opposite dispersion fibers, the dispersion-management solitons are
obtained. Different from the conventional solitons, except the effect of the balance between
the intra-cavity dispersion and nonlinearity, the other balance between gain and loss plays an
important role in generation of the dissipative solitons while the cavity average dispersion is
at normal average dispersion region [57]. As shown in Fig. 1(b), in the initial state, when the
length of SMF is 12.4 m corresponding to the cavity average dispersion of -0.181 ps2, the Kelly
sidebands on the optical spectrum indicate that the fiber laser works in anomalous dispersion
regime. Then, we decrease the length of SMF to increase the cavity average dispersion. When
the cavity average dispersion approaches -0.038 ps2, the dispersion-managed soliton is achieved
with Kelly sidebands far from center wavelength on optical spectrum. As the cavity average
dispersion increases up to+ 0.019 ps2, the steep-edge profile of optical spectrum indicates that
the mode-locked fiber laser produces dissipative soliton.
3. Preparation and characterization of the MoS2/graphene heterostructure
The materials used in our work are commercial-grade MoS2 grown onto sapphire, and graphene
grown onto copper foil, respectively. The preparation process of MoS2/graphene heterostructure
is illustrated in Fig. 2. Firstly, a water-assisted transfer process is employed to transfer the MoS2
from sapphire onto the end-facet of a standard fiber connector [58]. The inset shows the atomic
force microscopic (AFM) image of MoS2 film. The thickness of the film is around 3.2 nm,
indicating that about five layers have been explored. Simply, we use a needle to poke the MoS2
along the edge of it gently to generate cracks. Then the sample is immersed into deionized water
slowly. Due to different surface energies between MoS2 and sapphire, MoS2 film can float on the
surface of water while the sapphire is submerged [59]. Next, we attach MoS2 film to the end-facet
of a fiber connector and dry in a vacuum drying oven. Secondly, graphene film is transferred
onto the fiber connector, which is covered by MoS2 film via wet transfer techniques [60]. Briefly,
the graphene/copper foil is spin-coated by polymethyl methacrylate (PMMA) solution and dried
Fig. 2. Illustration of transfer process: (i) water-assisted transfer process of MoS2 film (the
inset shows its atomic force microscopic image of MoS2 with thickness of ∼3.2 nm); (ii)
vacuum drying; (iii) wet transfer process of graphene film; (iv) vacuum drying; PMMA:
polymethyl methacrylate.
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in air. Then we use iron nitrate solution to etch the copper. The PMMA/Graphene film is rinsed
with deionized water. We place fiber connector under the film at an angle of ∼30°, during which
the water is drawn out with a syringe to enable the film to be attached to the substrate. From
the transmittance of graphene sheet at incident white light, the graphene is estimated to be five
layers. Then, we dry the sample in a vacuum drying oven to make sure the flattening of the film.
Finally, acetone solution is used to remove the PMMA.
As shown in Fig. 3(a), the transmittance of heterostructure is measured from 1200 nm
to 1800nm. The transmittance of sample is ∼60% at 1569 nm. The interference fringe in
the transmission spectrum is mainly caused by the light source. Figure 3(b) is the Raman
spectrum of MoS2/graphene heterostructure, three primary Raman peaks locating at 380.73 cm−1,
402.83 cm−1, and 1586 cm−1 are obtained by using a 532-nm laser. The Raman peaks, which
are centered at 380.73 cm−1, 402.83 cm−1, are corresponding to E12g and A1g vibration modes,
respectively, which demonstrate the structure of MoS2 [61]. The G band at 1586 cm−1 confirms
the presence of a graphene structure in the sample.
Fig. 3. (a) The measured transmittance of MoS2/graphene heterostructure (the inset shows
the microscopic image of MoS2/graphene heterostructure integrated on fiber end); (b) the
Raman spectrum of MoS2/graphene heterostructure.
Fig. 4. The nonlinear saturable absorption of MoS2/graphene heterostructure based SA.
We have measured the nonlinear optical response property of MoS2/graphene heterostructure
based SA. A home-made NPR-based mode-locked fiber laser operating at 1569 nm with 943-fs
pulse width and 60.32-MHz repetition rate is employed as the input source. As shown in Fig. 4,
according to Eq. (3), we have fitted the transmission curve. The modulation depth, the saturation
intensity and the non-saturable absorbance of MoS2/graphene heterostructure SA are 12.4%,
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12.7 MW/cm2 and 28%, respectively. The results prove that MoS2/graphene heterostructure can
meet the essential criteria of SA for pulsed laser.
4. Experimental investigations and discussion
Figure 5 is the experimental setup of the developed mode-locked fiber laser incorporating with
MoS2/graphene heterostructure based SA. A 7.26-m-long EDF (LIEKKI 30/4) is applied as gain
fiber whose second-order dispersion is+ 14.2 ps2/km at 1595 nm. The EDF is pumped by a
980-nm pump laser through wavelength-division multiplexing (WDM) coupler. The rest fiber of
the laser consists of standard SMF (SMF-28) with β(2)SMF at the level -22 ps
2/km and a 1.6-m-long
HI1060 fiber with β(2)HI1060= -7 ps
2/km. A polarization-insensitive optical isolator is applied to
ensure unidirectional propagation of the light in the cavity. The 90/10 coupler extracts 10% of the
optical power from the laser cavity as the laser output. The mode-locking condition is optimized
by the intra-cavity polarization controller (PC). The performance of the laser includes optical
spectrum, pulse train, radio frequency (RF) spectrum and pulse trains are analyzed by an optical
analyzer (Yokogawa AQ6375) with a spectral resolution of 0.2 nm, a real time oscilloscope
(Tektronix MSO4104) with a 5-GHz photodetector, a signal source analyzer (Rohde & Schwarz,
FSV30) and a commercial autocorrelator (Femtochrome, FR-103HS), respectively.
Fig. 5. Experimental setup of an erbium-doped mode-locked fiber laser. WDM coupler:
wavelength-division multiplexing coupler; EDF: erbium-doped fiber; OC: output coupler;
MoS2/Gra SA: MoS2/graphene heterostructure based saturable absorber; PC: polarization
controller; SMF: single-mode fiber.
Before inserting the MoS2/graphene heterostructure based SA into the cavity, we have
investigated the operation of the fiber laser without SA to see if there is any self-mode-locking
effect. No matter how we change the pump power and intra cavity polarization state, only
continuous wave (CW) can be observed. Then the SA was inserted into the cavity.
In the initial state, the length of SMF is about 12.4 m, the cavity average dispersion is about
-0.181 ps2. As shown in Fig. 6(a), the Kelly sidebands in optical spectrum indicate that the fiber
laser works in anomalous dispersion regime. The center wavelength is near 1596.2 nmwith a 3-dB
bandwidth of ∼5.47 nm. The corresponding single pulse train is depicted in Fig. 6(b), showing
a repetition rate of around 9.8 MHz corresponding to the cavity length. The pulse duration is
also measured as shown in Fig. 6(c). The pulse width (τpulse) is calculated by multiplying the
full width at half maxima of autocorrelation trace (τAC) with a coefficient. In the anomalous
dispersion, the autocorrelation trace can be well fitted by hyperbolic-secant function and the pulse
width is measured to be ∼1.36 ps. The time-bandwidth product (TBP) is calculated to be 0.876.
The slight chirp is due to the laser output after EDF with normal dispersion [17]. Figure 6(d) is
the corresponding RF spectrum of the ultrashort pulses with a resolution bandwidth of 10Hz.
The two side peaks on either side of main peak in the RF spectrum indicates that the polarization
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of laser in cavity is not locked [62]. The signal-to-noise ratio (SNR) is up to ∼73 dB, suggesting
that the fiber laser is stable.
Fig. 6. The performance of laser output: (a) the optical spectrum; (b) the pulse train; (c)
the autocorrelation trace; (d) the radio frequency (RF) spectrum.
In order to adjust the cavity average dispersion, we constantly cut off the single-mode fiber so
that the average dispersion of the fiber laser approaches zero. Figure 7 shows how the output
optical spectrum varies with different average dispersion of the dispersion-managed mode-locked
fiber laser incorporating with MoS2/graphene heterostructure based SA. At anomalous average
dispersion range from -0.181 ps2 to -0.095 ps2, the traditional solitons have been achieved
by properly adjusting PC, where the Kelly sidebands are found to superimpose on the optical
spectrum. Bymanaging the cavity average dispersion to be near zero of -0.082 ps2, a Gaussian-like
optical spectrum has been observed, which indicates that solitons have changed from traditional
solitons to dispersion-managed solitons [63]. In this dispersion, the spectral bandwidth reaches
its maximum which is ∼11.46 nm, and the output pulse width is ∼837 fs. The TBP is calculated
to be 1.129. As the gain fiber plays a major role in providing the normal dispersion, the limited
gain bandwidth is believed to affect the broadening of the optical spectrum. When the cavity
average dispersion continues to increase to -0.071 ps2, a small peak is observed at the center of
the spectrum, the stable pulse strain cannot be obtained by adjusting the PC and pump power.
Such unstable region is due to the limited gain bandwidth, and could be further minimized by a
SA with larger modulation depth [15]. When the cavity average dispersion increases to normal
dispersion of+ 0.041 ps2, the steep-edge optical spectrum has been produced, indicating that
dissipative solitons have been generated with the bandwidth of ∼10.32 nm.
Although it is difficult to estimate precisely the parameters from the real laser cavity, one can
find general agreement with the numerical simulation that mode-locked fiber laser can operate
from anomalous to normal average dispersion. The results have proved the successful attempt
of MoS2/graphene heterostructure based SA in dispersion-managed mode-locked fiber laser for
ultrashort pulse generation from anomalous to normal average dispersion. In addition, we have
tested the stability of the laser once it is mode-locked in the experiment as shown in Fig. 8.
The optical spectrum of the laser output shows little change for 24 hours, indicating a stable
mode-locking operation.
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Fig. 7. The output optical spectrum of the dispersion-managed mode-locked fiber laser with
different average dispersion based on MoS2/graphene heterostructure SA (the inset shows
the autocorrelation trace of ∼837 fs).
Fig. 8. The variation of 3-dB bandwidth within 24 hours (the inset shows the optical
spectrum of mode-locked fiber laser incorporating MoS2/graphene heterostructure SAs).
5. Conclusion
In conclusion, we have formed the heterostructure by transferring theMoS2 film and graphene film
to the end-facet of a fiber connector successfully. The modulation depth, the saturation intensity
and the non-saturable absorption of MoS2/graphene heterostructure are measured to be 12.4%,
12.7 MW/cm2 and 28%, respectively. The experimental results are consistent with the results
of numerical simulation. By inserting MoS2/graphene heterostructure based SA, the erbium-
doped mode-locked fiber laser can generate traditional, dispersion-management, and dissipative
solitons at average anomalous, near-zero, and normal dispersion. The experimental results have
validated the potential of MoS2/graphene heterostructure as an ideal SA in dispersion-managed
mode-locked fiber laser from anomalous to normal average dispersion.
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